The threshold switching mechanism of Te-SbO thin films with a unique microstructure in which a Te nanocluster is present in the SbO matrix is analyzed. During the electro-forming process, amorphous Te filaments are formed in the Te nanocluster. However, unlike conventional Ovonic threshold switching (TS) selector devices, it has been demonstrated that the off-current flows along the filament. Numerical calculations show that the off-current is due to the trap present in the filament. We also observed changes in TS parameters through controls in the strength or volume of the filaments. Published by AIP Publishing. https://doi
Next-generation nonvolatile memory such as phase change memory, spin-transfer torque-magnetic memory, and resistive switching memory (ReRAM) has been studied to replace flash memory. These types of memory have the advantage of dramatically improving device density through a crosspoint array with a device size of 4F 2 . However, to realize such a high density, a selector device connected to a memory cell in series to suppress the sneak current is essential. 1 Selector devices require high on-current (I on ), low off-current (I off ), and fast switching speed. In addition, compatibility with the current memory process is an important factor. Various selector devices have been reported, for example, metal-insulator transition materials, 2 mixed ionic electronic conduction materials, 3 varistor-type diodes, 4 field assisted superlinear threshold devices, 5 and Ag or Cu/HfO 2 based selector devices. 6, 7 In addition, Ovonic threshold switching (OTS) 8 devices using amorphous chalcogenide materials have been highlighted with good endurance and fast switching speed. 9, 10 Amorphous chalcogenide materials with metal-insulatormetal (MIM) structures exhibit electrical characteristics in which a high-resistance state (off state) and a low-resistance state (on state) are reversibly repeated according to an applied electric field. 11, 12 An abrupt current jump occurs at the threshold voltage (V th ), and the device returns to the off state again at the holding voltage (V h ). Chalcogenide materials used in OTS selector devices are mostly Te compounds with 15 and 16 group elements, and these materials have defects known as valence alternation pairs (VAPs). 13 These defects within the mobility gap of the chalcogenide material form a deep trap near the Fermi level and a shallow trap near the conduction band. [14] [15] [16] In the off state-that is, in the low-voltage regionelectrons fill the deep trap, and, as the electric field increases, the electrons tunnel through the shallow trap. The accelerated electrons then excite other electrons, so that many electrons are distributed around the conduction band and an abrupt increase in current appears.
Amorphous chalcogenide materials have the significant disadvantage that they tend to crystallize at relatively low temperatures, causing the threshold switching phenomenon to disappear. Thus, it is necessary to improve the stability of the amorphous state. Many studies have employed a multimaterial or arsenic-included system to improve amorphous stability, but this can be an obstacle to device fabrication. 10, 17, 18 Recently, we reported a Te-SbO film-based threshold switching selector device with a unique microstructure in which Te nanoclusters are distributed in the SbO matrix. 19 As the Te nanocluster is already crystalline phase in the pristine state, the device can be free from the poor amorphous stability of the existing chalcogenide material. In fact, it exhibits a stable threshold switching (TS) phenomenon even after heat treatment at 300 C. It was speculated that amorphous Te (a-Te) filaments are formed in Te nanoclusters during the electroforming process and that the TS phenomenon occurs owing to the traps in the a-Te filaments. However, the detailed mechanism of threshold switching remains unclear. Here, we explain the TS of Te-SbO selectors using a trap-limited conduction model analytically.
Te-SbO thin films with a thickness of 200 nm were deposited by O 2 reactive cosputtering of Te and Sb targets. An 80-nm-thick Pt/SiO 2 /Si substrate was used. A 60-nm-thick top Pt electrode with dot patterns and a diameter of 40-160 lm was formed using an e-gun evaporator. The composition of the Te-SbO film was measured by SEM-EDX, and a thin film with the same composition as in the previous report was formed (Te 0.27 Sb 0.26 O 0.47 ). 19 DC characteristics of the device were measured using a Keithley 4200 semiconductor characterization system, and AC pulse characteristics were measured with an Agilent 81110A pulse pattern generator and a Tektronix TDS 684C oscilloscope. The optical bandgap of the Te-SbO was measured using a spectroscopic ellipsometer (SE, ESM-300) through the Tauc plot. Published by AIP Publishing. 111, 183501-1 the graph, no clear dependence on the electrode area is observed. In the case of a conventional OTS device, I off depends on the electrode area, which means that the current flows along the entire area of the device. 10, 17 The observed independency may be attributed to the characteristics of the Te-SbO films. The Te-SbO selector device requires an electro-forming process unlike the conventional OTS device. As schematically shown in Fig. 1(b) , a-Te filament seems to be formed between the Te nanoclusters through the electroforming process, which is similar to the electrochemical metallization (ECM) device of ReRAM. The drift of Te ions induced by the electric field was already reported by Yoo et al. 20 In the case of a Ag-Ge-Se-based ECM device, the Ag 2 Se nanoclusters are distributed in the Ge x Se matrix, and the Ag filament is formed in the Ag 2 Se nanocluster during the electro-forming process. 21, 22 However, unlike ECM devices in which a low-resistance metallic filament is formed, the filament of the Te-SbO thin films appears to be composed of amorphous Te. 19 The Te filaments form Te chains and have VAPs such as C 3 þ and C 1 À . Carriers are trapped in these defects, and currents are suppressed in the low-voltage region. Therefore, I off flows along the localized path (filament) like I on , and the change in I off according to the electrode area cannot be observed since the total area of filaments is still smaller than the electrode area. Figure 2(a) shows the I-V characteristics in the off state of the devices with a diameter of 160 lm measured with increasing temperature in the range of 303-333 K. As the temperature increases, the current level increases. The Arrhenius plot of Fig. 2(b) shows the activation energy at each applied voltage. As the voltage increases, the activation energy becomes lower [ Fig. 2(c) ]. This implies that conduction in the off state is controlled by the trap. In addition, extrapolation was performed to obtain the E C À E F value of 0.274 eV, where E C and E F are the conduction band minimum and Fermi level, respectively.
The modified Poole-Frenkel (PF) mechanism in the off state proposed by Ielmini et al. is given by [14] [15] [16] 
where q is the elementary charge, A is the device area, N T;tot is the integral of the trap distribution in the gap above the Fermi level, Dz is the intertrap distance, s 0 is the characteristic attempt-to-escape time for the trapped electron, k is Boltzmann's constant, V a is the applied voltage, and u a is the thickness of chalcogenide glass. There were several assumptions needed for the fitting. First, the thickness of the thin film was assumed to be 100 nm because the effective thickness through which the off-current flows should be calculated only for the length of the filament except for the size of the Te nanocluster. The Te nanocluster was assumed to be spherical with a diameter of 20 nm, and the number of Te nanoclusters per unit volume was determined from its composition. The remaining thickness excluding the total thickness of the close packed Te nanocluster was then calculated to be $100 nm. Similarly, because the current flows along the localized path, the simulation is performed by assuming that the filament is 100 nm in diameter. According to a recent report, the I off of a Si-Te thinfilm-based selector device did not show electrode area dependency up to a diameter of 100 nm. Therefore, the area of the filament is estimated to be $100 nm in diameter. 9 Finally, s 0 was assumed to be 1 fs. When we simulated the off-current through the above equation, the trend with the experimental data was found to be in good agreement. N T;tot and Dz were fitted to be 7 Â 10 20 cm À3 and 10 nm, respectively. Figure 2(d) shows the change in the starting point of the voltage snapback as a function of temperature, which was measured in the current sweep mode. As the measured temperature increases, it is observed that V th decreases and the threshold current (I th ) increases. The TS or negative differential resistance (NDR) phenomenon occurs when the power applied to the thin film reaches a critical value. 16 As the temperature increases, the current level increases as shown in Fig. 2(a) , so the required voltage decreases.
Meanwhile, the TS phenomenon of the Te-SbO thin film could be considered to be due to a nanobattery effect. If the formation and dissolution of Te filaments come from the electric field and nanobattery effect, respectively, we should observe the increased resistance as we anneal the device after one sweep, during which filaments are ruptured. However, we did not observe such a behavior. The reason why the ohmic I-V characteristics appear is because the filaments are still connected after annealing and crystallized by heat and changed into metallic filaments. 19 Figure 3(b) shows a schematic diagram of the mobility gap of the Te-SbO thin film measured by SE using a Tauc plot [ Fig. 3(a) ]. The mobility gap is determined from the plot of aE ð Þ 1=2 vs. E in the case of indirect transition, where a is the absorption coefficient and E is the photon energy. The Ag-Ge-Se thin film described above is also plotted as an indirect transition according to the report. 24 The mobility gap of the Te-SbO thin film is 1.15 eV. However, this differs from the value of 0.548 eV calculated by using the Arrhenius plot of I off [ Fig. 3(b) ]. In the case of chalcogenide glass, E C À E F is half of the mobility gap, 25 so the mobility gap obtained through I off is 0.548 eV, which is twice of 0.274 eV [ Fig. 3(c) ]. Therefore, this contradiction implies that the OTS phenomenon occurs only in a localized region (the filament), not in the entire Te-SbO thin film.
Because the current flows along the localized path, i.e., through the Te filament, we wanted to observe the change in I off by introducing filament control in the electro-forming process. In the ReRAM study, it is reported that the volume or strength of the filament can be changed by regulating the compliance current (CC) in the electro-forming process, and a larger volume of the filament is formed with higher CC. 26 Figure 4 shows how the TS characteristics change according to the CC during electro-forming process. Here, the current is limited to 10 mA and 100 lA [Figs. 4(a) and 4(b)] during the first sweep. I off when the high CC is applied is lower than that in the case where the low CC is applied, and V th has a larger value. These changes are consistent with the tendency when the intertrap distance (Dz) decreases. The lower the CC, the smaller the volume of the filament and the greater the Dz value, whereas the higher the volume, the larger the filament formed and the smaller the value of Dz. Figure 5 (a) shows the time-resolved TS behaviors of the Te-SbO selector device. The input pulse applied was about 1.1 V (on) and 0.6 V (off) with rising and falling times of 50 ns and a pulse width of 500 ns. It is observed that the current suddenly increases after V th and the device turns on and recovers to the off state after the voltage is removed. Figures 5(b) and 5(c) , which are the close-up views of Fig. 5(a) , show the turn on (delay) time of $40 ns and the turn off (relax) time of 40 ns, respectively. In addition, the Te-SbO selector device is confirmed to operate without noticeable degradation even after 10 6 switching cycles, as shown in Fig. 5(d) .
In summary, the mechanism of the TS phenomenon of Te-SbO thin films with Te included in the SbO matrix was investigated. During the electro-forming process, amorphous Te filaments were formed by the drift of Te, and this amorphous filament had a localized state according to the VAP theory. Therefore, when the electric field was applied, the electrons injected into the thin film were trapped in a localized state. As the electric field increased, the activation energy decreased and the current exponentially increased owing to the Poole-Frenkel effect. In addition, electrons excited by the electric field tunneled to the shallow trap near the conduction band, and electric field imbalance occurred, causing voltage snapback and an increased abrupt current. Numerical calculations based on the trap-limited conduction model were performed for these phenomena, and good agreement with the experimental data was obtained. 
